ABSTRACT A novel multi-mode frequency reconfigurable MIMO and an ultrawideband (UWB) MIMO antenna design for cognitive radio applications is proposed in this paper. The antenna structure contains two modified triangular-shaped printed monopole antenna elements and a combination of varactor and PIN diodes. The proposed antenna has three operating modes: UWB mode for spectrum sensing, a frequency reconfigurable MIMO mode for communication over different frequencies, and UWB antenna operating in MIMO configuration. The UWB mode and reconfigurable communication mode are obtained by utilizing different switching ON/OFF states of PIN and varactor diodes. In the UWB mode, the antenna can cover the spectrum from 1 to 4.5 GHz, while it achieves the frequency reconfigurability over a wide range from 0.9 to 2.6 GHz using varactor diode tuning in the reconfigurable communication mode. The proposed antenna has a compact and planar structure with overall dimensions of 120 × 60 × 1.5 mm 3 . The proposed design also exhibits good MIMO performance; the minimum isolation measured is 12.5 dB, while the envelope correlation coefficient (ECC) of less than 0.19 is achieved for the whole operating band. To validate the proposed concept, the prototype of the antenna system is fabricated and measured. The simulation results are in good agreement with the measurement results. 
I. INTRODUCTION
Cognitive radio (CR) has appeared as a revolutionary technology for dynamic, efficient and flexible utilization of the scarce frequency spectrum [1] . A CR system architecture includes two antennas: ultrawideband (UWB) sensing antenna for constant monitoring of the unoccupied frequency channels and a reconfigurable communication antenna for communication within those unoccupied channels [2] . Majority of designs reported in literature for CR applications employ separate antennas for spectrum sensing and communication purposes. However, the use of two different antennas results in large physical size, more space requirement and complex structure, which is not suitable for today's communication. Thus, to deal with these limitations, a single antenna capable of both communicating and sensing is very desirable for cognitive radio communication.
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In CR system, they are two user types i.e. primary users (PUs) which are licensed users and the secondary users (SUs) who are unlicensed users. SUs can access the channel when PUs are inactive. PUs have no restrictions on their transmitted power whereas SUs must transmit without producing any interference with already present PUs. Generally, there can be two methods for spectrum sharing in CR: interweave spectrum sharing and underlay spectrum sharing. For the spectrum interweave CR, the SUs transmit only at idle frequencies. In underlay case, SUs always transmit the signal inside the tolerable interference level set by PUs. The PUs and SUs can share the same channel. This is allowable only if the PUs can sustain the interference caused by SUs. This work presents an underlay antenna system where quality of service for PUs is not affected as SUs only transmit within the allowable interference levels.
A smart antenna having CR compatibility and compact size is an essential requirement for modern wireless communication systems. Therefore, several antenna designs for CR systems can be found in literature [3] - [15] . Antenna designs that incorporated both the communication reconfigurable antenna and the UWB sensing antenna into the same substrate were presented in [3] - [9] . In [3] , a five-element UWB and narrowband integrated antenna system was presented. The UWB antenna had sensing capability from 3.1 to 10.6 GHz while four narrowband antennas had four operating bands: 8.7-9.92 GHz, 9.82-10.74 GHz, 3.06-4.23 GHz and 6.33-8.83 GHz. In [4] , the UWB antenna can operate between 2-12 GHz while reconfigurable structure use PIN diodes to operate at six different frequency bands: 5.65 GHz, 5 GHz, 3.6 GHz, 2.94 GHz, 2.15 GHz, 4.5 GHz and two dual-bands at 2 and 5.48 GHz, 1.7 and 5 GHz. In [5] , varactor diode was used to achieve frequency reconfigurability from 5 to 6 GHz, while UWB antenna senses the spectrum from 3 to 11 GHz. The antennas in [6] - [8] had sensing band from 2 to 11 GHz while reconfigurable antenna covered several frequencies between this sensing band. In [6] and [7] , frequency agility was realized by rotational motion of antenna. In [8] , antenna system based on photoconductive switch was proposed. In [9] , reconfigurability was achieved by varying height and angle of ground plane. The sensing band was from 2 to 6 GHz while reconfigurable antenna had several operating bands between 2 to 6 GHz. In [10] , a reconfigurable antenna with sensing capability was proposed. The antenna could reconfigure its frequency, gain patterns and polarization using PIN diodes. The antenna sensing band was from 3 to 12 GHz while reconfigurable bands were: 2.85, 2.5 and 4.7, 1.73, 1.88 and 5.23, 3.52 GHz. In [11] , a reconfigurable and UWB antenna based on slot structure was presented. The proposed antenna had UWB mode for sensing and reconfigurable communication mode. The UWB band was from 2.8 to 11.4 GHz while reconfigurable communication band were: 3.2 to 4.5, 4.3 to 7.8 and 7.9 to 11.2 GHz. The antenna employed five PIN diodes to achieved reconfigurability. Majority of the antenna design presented in literature for CR applications use separate antennas for sensing and communication, and they have large size, complex structure and limited frequency tunability. Moreover, most of the reported antennas employed PIN diodes to obtain frequency agility and had distinct operating band. All these antennas had operating band over 2 GHz for the sensing and communication purposes.
Multiple-input multiple-output (MIMO) antennas are increasingly demanded in modern wireless communication system because of their capability to transmit data at higher rates and increase the channel capacity. Some MIMO reconfigurable antennas incorporated with UWB sensing antenna for CR applications were reported in literature [12] - [15] . In [12] , a reconfigurable MIMO antenna can operate from 573 to 680 MHz and 834 to 1120 MHz while sensing band was between 0.72 to 3.44 GHz. In [13] , MIMO reconfigurable filtennas based on monopole structure were presented for underlay and interweave system. The reconfigurable MIMO and sensing antenna had operating frequency band from 3 to 6 GHz. In [14] , a planar inverted-F antenna (PIFA) based frequency agile MIMO antenna was presented. The reconfigurable antenna covered several bands from 0.75 to 3.45 GHz while the spectrum sensing antenna had operating band from 0.71 to 3.6 GHz. In [15] , the frequency agile MIMO slot antenna had operating frequency band between 1.77 GHz to 2.51 GHz and UWB spectrum sensing antenna can operate from 0.75 GHz to 7.65 GHz. All these designs used separate antennas for sensing and communication. To the authors' knowledge, this is the first time that a single antenna has been utilized for frequency reconfiguration along with spectrum sensing capabilities as well as the same UWB antenna is used in MIMO configuration. This paper presents a novel two-element antenna design with frequency reconfigurable MIMO mode and UWB spectrum sensing MIMO mode. The proposed antenna is based on modified triangular-shaped printed monopole antenna elements with combination of varactors and PIN diodes. The presented antenna can sense the frequency spectrum from 1 to 4.5 GHz in UWB MIMO mode using PIN diodes and then it provides frequency reconfigurability over wide range from 0.9 to 2.6 GHz using varactor diode tuning. The novelty of this antenna design is based on the fact that instead of two separate antennas, a single antenna can first sense the spectrum and then perform communication. The proposed antenna works in a sequential manner. Both modes work independently [16] , and they have no effects on each other. Another novel feature of the presented antenna is that same UWB antenna has been utilized in MIMO configuration. The use of single antenna for spectrum sensing and reconfiguration reduces the total number of antennas needed and space requirements for CR system. The novelty of the presented design can also be accessed by compact single element size of 27 × 56 mm 2 while producing such wide frequency tuning range (i.e. from 0.9 GHz to 2.6 GHz) using only one varactor diode for each antenna element. To authors' knowledge, this type of compact antenna configuration with reconfigurable MIMO communication and UWB MIMO sensing capability has not been proposed so far for CR applications. The proposed antenna configuration and results are discussed in the next sections.
II. ANTENNA DESIGN
The design of the proposed frequency reconfigurable MIMO/UWB MIMO modified triangular-shaped monopole antenna system is shown in Fig. 1 . The optimized dimensions of the proposed antenna are shown in Table 1 . The antenna has total dimensions of 120 × 60 mm 2 and is printed on FR-4 substrate having a thickness of 1.5 mm, loss tangent of 0.02 and relative permittivity of 4.4. The bottom surface of antenna has ground (GND) plane and the GND plane size is 120 × 60 mm 2 . The PIN diodes used in the proposed antenna design were Infineon BAR63-03W and the varactor diode used were Infineon BBY6502V. These diodes provide fast switching speeds, high voltage handling capabilities and low power losses. According to the datasheet, switching time for PIN diode BAR63-03W is 75 ns. BBY6502V also has high tuning ratio at low supply voltage. Therefore, the proposed antenna has good performance with respect to switching speed as both these infineon products are suitable for this type of application.
The proposed CR front-end antenna can operate in UWB sensing mode and reconfigurable communication mode as described below. 
B. RECONFIGURABLE MIMO ANTENNA DESIGN
To explain the frequency reconfigurable MIMO communication mode, geometry of a single element is described. The basic element used in the proposed design is a modified triangular-shaped printed monopole antenna with dimensions as shown in Table 1 3 ) are turned OFF. To achieve frequency reconfigurability, a circular slot having a varactor diode (D 4 ) was incorporated into lower portion of antenna as shown in Fig. 1 . The radius of the circular slot was r = 4.55 mm. The varactor diode used in the design were BBY6502V which has the working capacitance range 35-2.5 pF which corresponds to voltage range 0-5 V. Varactor diode was modeled as variable capacitor in simulation. Capacitive reactance of the slot was varied to obtain continuous frequency reconfigurable band with wide range tunability. This modified triangular-shaped printed monopole antenna element was radiating at 3.35 GHz. The reactive loading brought the resonant frequency band down from 3.35 GHz to sub 2 GHz bands. The reactive loading helped in reducing the antenna size by bringing the resonate band to lower frequency band.
Parametric analysis using HFSS were performed to understand the effect of antenna dimensions on its performance. The parametric study was conducted on one parameter at a time, while the rest of parameters were kept constant. The results of this study provided useful design guidelines and we obtained optimized dimensions for each parameter as shown in Table 1 . Moreover, parametric study helped us to properly place varactors and PIN diodes in the design. Fig. 1 also shows the biasing network used, which consists of resistors (R 1 and R 2 ) and RF choke (L 1 and L 2 ) in series. The variable voltage source was connected to varactor diode through series combination of resistors (R 1 and R 2 ) and RF choke (L 1 and L 2 ). Any AC from power supply was blocked by RF choke while the DC current from the antenna's radiating structure was blocked by varactor diode. The values for lumped elements were
III. RESULTS AND DISCUSSION
The prototype of antenna system was fabricated and measured to verify the design. Fig. 2 shows the fabricated prototype of the proposed frequency agile MIMO/UWB MIMO antenna fed by a 50 microstrip feedline. The simulated results were obtained using ANSYS HFSS. Measurements for S-parameters were performed using vector network VOLUME 7, 2019 FIGURE 2. Fabricated antenna prototype.
analyzer while gain, efficiency, radiation patterns and ECC were measured using StarLab anechoic chamber. Fig. 4(a) shows that a resonant frequency continuously changes from 0.9 to 2.6 GHz when the capacitance of varactor diode is varied from 35 to 2.5 pF. The capacitance values used for simulated curves are C 1 = 35 pF, C 2 = 20 pF, C 3 = 11 pF, C 4 = 4.5 pF, C 5 = 3.5 pF and C 6 = 2.5 pF. On the other hand, measured S 11 result in Fig. 4(b) shows that a continuous frequency agility was obtained from 0.9 to 2.6 GHz by varying the varactor diode reverse bias voltage from 0 to 5 V. The measured curves shown are for voltage values of V 1 = 0 V, V 2 = 1 V, V 3 = 2 V, V 4 = 3 V, V 5 = 4 V and V 6 = 5 V. Hence, the proposed antenna achieves wide tunability from 0.9 GHz to 2.6 GHz in reconfigurable communication mode, covering popular wireless applications like GSM, UMTS, LTE, PCS, Bluetooth, WiFi and WiMAX. Moreover, very good impedance matching (below −10 dB) was achieved at each band. The −10 dB bandwidth for simulated and measured band were 105 MHz and 130 MHz respectively. A slight disagreement between simulated and measured results could be accounted to fabrication errors such as etching errors. Moreover, the soldering of varactor diodes and the placement of biasing circuitry was all done manually. As the proposed antenna has a symmetrical structure, S 11 and S 22 should be same. Hence, we only presented S 11 results here.
Achieving good isolation between antenna elements is vital in MIMO antenna design for maintaining the benefit of improved MIMO capacity. For MIMO systems, an acceptable limit for port isolation is 10 dB. The simulated and measured isolation results between the two antenna elements are shown in Figs. 5(a) and 5(b). It is evident from the isolation curves that the isolation is less than −12.5 dB in the entire operating band. Therefore, the proposed antenna system shows good MIMO performance. Fig. 6 compares the simulated and measured gain patterns in UWB mode at three frequencies at 1.1 GHz, 2.5 GHz and 4.5 GHz to get the complete illustration of the antenna behavior over the entire band. Fig. 7 shows the 2-D gain patterns of the presented antenna for reconfigurable communication mode at 1.65 GHz and 2.6 GHz for Ant 1 and Ant 2. These gain patterns are for x-z and y-z plane and measured by exciting one port and terminating other port to 50 load. The proposed antenna system shows stable, nearly monopole like gain patterns across the entire tuning range. The simulated and measured gain as a function of frequency for the entire operating frequency range for the UWB and frequency reconfigurable communication mode is shown in Fig. 8 . The proposed antenna shows acceptable gain for the MIMO operation for both the modes. The simulated and measured efficiencies, peak gain and the bandwidth of the proposed antenna in two modes are presented in Table 2 . Overall simulated and measured values show good agreement. A little difference between simulation and measurements is attributed to fabrication errors and setup limitations. The measured maximum gain and efficiency were 3.98 dBi and 92.5% at 4.5 GHz respectively and minimum gain was 2.4 dBi with 88% efficiency at 1.5 GHz for UWB MIMO mode. In frequency reconfigurable MIMO mode, the minimum and maximum measured gain were 1.52 and 2.65 dBi respectively while measured efficiencies increased from 68 to 83% as frequency rises from 1.1 to 2.55 GHz. Hence, good gain and efficiency performance is obtained over the whole operating band for both modes.
C. RADIATION PATTERNS AND EFFICIENCY
Indoor anechoic chamber was used to measure the gain of the proposed antenna system. Indoor chambers are preferred to outdoor chambers because they offer several advantages i.e. controlled environment, capability in all weather, security, and reduced interference. The walls of the anechoic chamber are covered with RF absorbers to eliminate unwanted radiation interference with measurements. The gain measurements were started by illuminating the proposed antenna with a RF signal of correct frequency range from anechoic chamber ''source antennas''. The measurements involve setting up known calibrated reference antenna over radiated path in chamber, then zeroing (or normalizing) the path loss to 0 dB. The reference antenna chosen was horn antenna as it has wide frequency range (i.e. 300 MHz to 30 GHz) and we can measure gain over this entire operating range. The reference antenna was exchanged by proposed antenna and path loss/gain changes were measured relative to normalized reference path. By adding the reference antenna calibrated gain to these measurements, we determined the antenna gain in dBi. As reconfigurable MIMO and UWB sensing modes are working independently, one antenna element was excited and other antenna element was terminated with 50-load while performing measurements for efficiencies and radiation patterns of the proposed antenna system. Measurement setup for radiation pattern is shown in Fig. 9 . 
D. ECC
ECC is used to measure correlation between the antenna elements and it is an important performance metric for evaluating MIMO antennas. The MIMO antenna elements must satisfy the ECC < 0.5 criterion [17] . ECC can be calculated using radiation patterns [18] . A comparison between measured and simulated ECC between two antenna elements is shown in Table 3 for both UWB MIMO and frequency reconfigurable MIMO mode. It can be seen from Table 3 that worst ECC value was 0.162 at 4.5 GHz for UWB MIMO mode, while worst ECC value of 0.185 was observed for frequency reconfigurable MIMO mode at frequency of 1.65 GHz. The obtained ECC values are low which produce low signal correlation in multipath environment. Hence, the proposed antenna system displayed good MIMO performance for the complete operating band.
E. CURRENT DISTRIBUTION
Surface current distribution can be used to understand the coupling mechanism. Fig. 10 shows the current distribution for the proposed frequency reconfigurable MIMO/UWB MIMO antenna. Fig. 10(a) shows the current distribution for UWB mode at 3 GHz while Fig. 10(b) shows the current distribution for frequency reconfigurable communication mode at 2 GHz. In these figures, Ant1 was active while Ant2 was terminated with 50 impedance. It is evident from the figure, that very low current distribution was observed around the lower edges for the frequency reconfigurable communication mode and the maximum energy was radiated in the UWB sensing mode as the current is taking longer path to travel so that it radiates at lower frequency bands. Table 4 compares the proposed antenna with recently published designs. It is apparent from the table that most of the antenna designs reported in literature use separate antennas for communication and sensing and had operating band over 2 GHz. The parameters compared in Table 4 were antenna size, achieved bands for communication and sensing, possible use of UWB antenna in MIMO configuration and whether same or different antennas were used for communication and sensing purposes. The comparison table shows that the proposed antenna displays a wide range continuous frequency tunability (0.9 to 2.6 GHz) for this frequency range and is the only design to use same UWB antenna in MIMO configuration as well.
F. STATE-OF-THE-ART-COMPARISON

IV. CONCLUSION
In this paper, a novel compact multi-mode frequency reconfigurable MIMO and UWB MIMO antenna is presented. The proposed two-port antenna is based on modified triangular-shaped printed monopole antenna design. The proposed antenna can work in sensing mode and reconfigurable communication mode without disturbing the characteristics of each other. The proposed antenna can cover the spectrum from 1 GHz to 4.5 GHz in the UWB mode using PIN diode switching while it provides wide frequency reconfigurable communication band from 0.9 to 2.6 GHz using varactor diode tuning. The single antenna element has compact size of 27 × 56 mm 2 . The proposed antenna achieves good performance with respect to gain, efficiency, input impedance matching, isolation and ECC. The advantages of the presented design are its compact prototype, cost effective, low-profile structure and wide frequency reconfigurability using only one varactor diode per antenna element. To our knowledge, this is the first antenna design that has the capability of spectrum sensing as well as operating in MIMO configuration and then reconfiguring its operating frequency bands. Hence, the proposed design is a promising candidate for the present wireless communication antenna systems, particularly for handheld devices in CR applications. Her research topics include millimeter-wave and ultra-wideband radio wave propagation and stochastic channel modeling for future-generation radio systems and technologies. VOLUME 7, 2019 
